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District heating satisﬁes about 60% of the heat demand in Swedish buildings. Today, more than two
thirds of the heat supply to the district heating systems is based on biomass and waste, and biomass
alone accounts for about half of the heat supply. The purpose of this paper is to present the Swedish
experiences of introducing and expanding the use of biomass in the district heating systems and to
identify the main drivers behind this development. Our ﬁve research questions and the corresponding
conclusions consider the driving forces from energy policy tools and local initiatives, the biomass prices,
the established infrastructures in forestry and district heating, the technology paths for biomass con-
version, and ﬁnally the future challenge of competing uses of biomass.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Biomass has become an increasingly important energy source in
Sweden over the past three decades. In 2013, biomass and waste
accounted for almost a quarter of the Swedish energy supply, which
is exceptional among high-income countries [1]. Biomass is used in
a number of sectors, but the development of biomass has been
particularly impressive in the district heating sector. Today almost
half of the Swedish district heat is generated from biomass [2].
District heating systems were introduced in the major Swedish
towns in the 1950s and the systems rapidly expanded and spread to
other towns during the 1960s, 70s and 80s [3,4]. Today, district
heating systems are found in almost all Swedish municipalities and
account for about 60% of the heating of buildings in Sweden [5]. The
energy supply in the district heating sector has changed dramati-
cally during the past three decades. Until 1980 the energy supply
consisted almost entirely of oil, while oil and other fossil fuels
accounted for only 7% of the energy supply in 2014 [2].
The purpose of this paper is to reveal the aggregated Swedish
experiences of introducing and expanding the use of biomass in thericsson), sven.werner@hh.se
Ltd. This is an open access article udistrict heating systems. More speciﬁcally, this paper aims to
answer the following research questions:
i. Which policies and policy instruments have promoted and
shaped the use of biomass in district heating systems?
ii. How have the biomass prices and the economics of biomass
developed during the biomass expansion?
iii. How has the supply of biomass been achieved?
iv. What technical paths have enabled the transition to biomass
in the district heating sector?
v. What are the prospects of using biomass in future district
heating systems?
There are a number of studies that address the expansion of
bioenergy more generally in Sweden (see e.g. Refs. [6e11]) and
studies that address the development of the Swedish district
heating systems and their energy supply more generally [3,4,12].
The authors are, however, not aware of any paper that speciﬁcally
address the biomass expansion in the Swedish district heating
systems. The novelty of this paper is that it provides a compre-
hensive analysis of the use of biomass in the Swedish district
heating systems over the past 35 years and analyse this topic in
more detail. This paper also includes a discussion on the prospects
of using biomass in the district heating systems in the future.
The method used for this paper is to some extent a review andnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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previous paragraphs. This paper, however, also updates this liter-
ature by including more recent developments, and it presents new
graphs that have been produced by the authors based on our pro-
cessing of long time series of public statistics. Apart from the
literature and statistics, this paper draws on the tacit knowledge of
the authors who in their research have followed the development
of the Swedish district heating and bioenergy sectors for many
years.
Our aim with this paper is primarily to share the Swedish ex-
periences of introducing and expanding the use of biomass in the
district heating systems with an international audience since this
development is fairly well-known in Sweden, but not documented
as performed in this paper. In towns and cities around the world,
district heating systems are now increasingly seen as an infra-
structure that could facilitate the transition to low-carbon energy
systems. One example of this is UNEP's recent launch of The Global
District Energy in Cities Initiative [13]. The experiences from Swe-
den, being an early adopter of biomass in the district heating sys-
tems, may serve as inspiration to policy makers and various actors
in other countries that have the ambition to develop low-carbon
district heating and energy systems.2. Bioenergy in Sweden
Biomass is a very important energy source in Sweden. In 2013,
the Swedish use of biomass and waste amounted to 483 PJ, thus
accounting for 23% of the national energy supply or 8% of all
biomass and waste used in the European Union [1]. The Swedish
use of biomass is exceptional among high-income countries. Only
Finland uses more biomass for energy purposes on a per capita
basis (Fig. 1).
Fig. 2 illustrates the Swedish use of biomass in different sectors
in 2013. Almost half of the total biomass consumption (231 PJ) was
used in the energy sector for generation of electricity and district
heat. In fact, one quarter of all district heat generated from biomass
and waste in the EU was delivered in Sweden [1,14]. Industry also
uses large amounts of biomass for energy purposes. In 2013, in-
dustry used 175 PJ of biomass to generate process heat. Biomass isFig. 1. Primary energy supply of biomass and waste per capita in some global regions during
derived from Refs. [1] and [14].also used in electricity production in industry, but this is attributed
to the energy sector in the IEA statistics. The forest industry, i.e.
pulp and paper mills and sawmills, accounts for most of the use of
biomass in industry. The use of biomass in individual heating sys-
tems in residential, commercial and public buildings amounted to
47 PJ in 2013 (“other” in Fig. 2). This biomass use mainly consists of
ﬁrewood andwood pellets that are used in single houses and farms.
Finally, about 30 PJ of biomass-based fuels were used in the
transportation sector. These fuels consisted of biodiesel, ethanol
and biogas.
Apart from the biomass-based transportation fuels, essentially
all biomass used in Sweden originates from the forest. Sweden has
large forests resources; productive forest land makes up about 57%
of the total land area [15]. Biomass from agricultural land, such as
energy crops and agricultural residues, plays a minor role in the
Swedish use of biomass. Despite various efforts to promote the
cultivation of willow, a perennial energy crop that is grown as short
rotation coppice, willow wood chips makes a small contribution
(1e2 PJ in 2013) to energy supply [16]. Apart from that, wheat and
barley are grown for the production of ethanol and rapeseed for the
production of biodiesel. Biogas is mainly produced from sewage
sludge and food waste from food industries, households and
restaurants.3. The district heating context
3.1. The fundamental idea of district heating
The fundamental idea of district heating is to recover heat from
other processes that use primary energy or to use renewable pri-
mary energy resources [17]. The three major strategic heat recovery
resources are combined heat and power (CHP), waste incineration,
and industrial processes. Solar, geothermal, and biomass energies
are examples of renewable energy sources that are used in district
heating systems. The recovered or generated heat is distributed in
pipe networks to substations that transfer the heat to customers to
cover their heat demands. Due to the investments required in
distribution infrastructure and due to distribution losses, district
heating is mainly competitive in dense urban areas and less2013 and in the ten countries with the highest per capita supply of biomass and waste,
Fig. 2. The energy supply to various sectors in Sweden during 2013, derived from Ref. [1]. The output from the energy sector is presented with negative values in the ﬁrst left
stacked bar.
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villages.
3.2. Heat market information
In the 1960s, most Swedish buildings used fuel oil to cover their
heat demands while district heating accounted for only 3% of the
heat market in 1960. Today district heating is the dominant source
of heating and accounted for 58% of the energy purchased for
heating of buildings in 2014, while fuel oil accounted for less than
2% [18]. The remaining heat sources consist of electricity that is
used for electric heating and heat pumps, biomass which is mainly
used in rural buildings, and a very small amount of natural gas, the
infrastructure of which is limited in Sweden. Local heat pumps and
wood pellets boilers are currently the main competitors to district
heating.
The introduction and expansion of district heating in Sweden
has never been driven by a speciﬁc governmental policy or
parliament decision advocating district heating. Instead, the
growth of district heating in Sweden can be explained by its ability
to contribute to the fulﬁlment of a number of societal goals. These
goals include energy efﬁcient thermal power production by
cogeneration of electricity and district heat, reduced oil consump-
tion for individual heating, improved local air quality and climate
change mitigation. During the 1960s and 70s the expansion of the
district heating systems was facilitated by the high rate of housing
construction stimulated by the million homes programme
(1965e1974). The programme was launched in order to address a
severe shortage of housing and to improve the housing conditions,
but it also provided an opportunity to coordinate the building of
these new residential areas with the expansion of the district
heating systems [3,19].
Almost all district heating systems started in a municipal
context with local governments or municipally owned companies
as owners and operators. Several acquisitions and mergers during
the 1990s have, however, changed the original ownership struc-
ture. Today about 60% of the heat deliveries come from
municipally-owned district heating companies, while most of the
remaining heat deliveries are managed by three power companies(E.ON, Vattenfall, and Fortum) [17]. A small proportion is managed
by some private companies that operate groups of several small
district heating systems. In total, there are 500e600 district heating
systems that are operated by more than 200 companies and
municipalities.
3.3. Energy supply
There has been a profound transformation of the energy re-
sources supplied for generating heat in the Swedish district heating
systems over the past decades (Fig. 3). The use of fossil fuels has
gradually decreased while that of biomass and waste has increased.
In 2013, biomass accounted for 46% of the energy input in district
heat supply. Waste, which includes both municipal and industrial
waste that are burnt inwaste incineration plants, accounted for 23%
of the energy input. The energy input also includes excess heat
recovered from industrial processes, ambient heat that is absorbed
by evaporators in large heat pumps, electricity that is used in heat
pump compressors, and recovered gases which include landﬁll and
blast furnace gases. Fig. 3 was generated based on energy allocation
of the fuels used in CHP production. This allocation means that the
whole synergy from the combined generation process was allo-
cated to electricity generation.
3.4. Biomass used
Biomass use was ﬁrst introduced in the Swedish district heating
systems around 1980 and the use remained fairly small during the
next ten years. The massive biomass expansion began in the early
1990s and continued until around 2010, after which the use of
biomass has been fairly stable. In 2014, the use of biomass in district
heating production amounted to 99 PJ [2].
The current use of biomass in the district heating systems en-
compasses several types of boilers of different sizes (see Section
4.5). Although most of the biomass is used in medium- and large
biomass-ﬁred plants, biomass plays an important role in small
district heating systems in small towns and villages. Biomass-ﬁred
heat-only boilers are often the main or only energy source in these
small district heating systems. Without the opportunity to use
Fig. 3. Energy supplied to the Swedish district heating systems for heat supply according to energy allocation, derived from Ref. [2] and previous editions. Sharp annual variations
related to annual variations in outdoor temperature.
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invested in district heating systems for covering local heat
demands.
Biomass is a collective term for awide basket of various biomass
fuels. The combustion and environmental properties of many
different biomass fuels have been summarised and reported in
Ref. [20]. The biomass used in the district heating sector is domi-
nated by wood fuels. The wood fuels mainly consist of wood chips
and sawdust, which accounted for 70% of the biomass used for
production of district heat in 2013, and of wood pellets and bri-
quettes (16%) [2]. The use of biomass also included bio oil (5%), tall
oil -a by-product of pulp production (2%), various wood waste (3%)
and unspeciﬁed biomass fuels (4%) [2].
The biomass supply to the district heating sector is dominated
by domestically produced wood fuels, but also includes imported
biomass. The regular and more large-scale import of biomass
began in the 1990s when large district heating and CHP plants in
coastal towns started to use considerable volumes of biomass
that had to be supplied from other parts of Sweden or be imported.
The biomass imports to the district heating sector were estimated
to 18 PJ in 2000 (about 30% of the biomass use in this sector)
and involved various fuels such as wood pellets, wood chips, tall oil
and waste wood [21]. The biofuel imports have continued since
then, but there is no recent estimate of the volumes. To our
knowledge, the imports today mainly consist of wood pellets and
tall oil which originate from Canada, the US and the Baltic
countries.3.5. Carbon dioxide emissions from district heating systems
The gradual substitution of fossil fuels in the district heating
systems has resulted in a considerable decrease in carbon dioxide
emissions over time (Fig. 4). The annual average speciﬁc carbon
dioxide emissions have decreased from about 90 g/MJ heat deliv-
ered in the early 1970s to about 9 g/MJ in 2014. The carbon dioxide
emissions have thus decreased by 90% over the past forty years. The
carbon dioxide emissions in Fig. 4 were estimated based on the
energy allocation applied in Fig. 3. If some of the synergy with CHP
production would have been allocated to heat generation, theestimated emissions in Fig. 4 would have been lower for the past
10e15 years since the biomass-ﬁred CHP plants also generate
electricity without fossil carbon dioxide emissions.
4. Analysis of the biomass development in Swedish district
heating systems
Although the supply of biomass is normally reported together
with that of waste in international energy statistics, this section
only concerns the use of biomass in the Swedish district heating
systems.
4.1. Policy drivers
Bioenergy has been directly or indirectly supported by local and
government policies since the oil crises in 1973 and 1979. These
events became the starting point for Swedish energy policy in a
broader sense and led to the adoption of energy security and
reduced oil consumption as overall policy objectives during the
1970s and 80s. The main policy strategies to achieve these objec-
tives were energy conservation and the development and increased
use of domestic energy resources such as biomass. As a result,
government spending on energy research, development and
demonstration (RD&D) was considerably increased in this period
[22]. Bioenergy RD&D was one prioritised area and which included
fuels from forestry residues, short rotation forestry, fuel reﬁnement
and conversion technology [23]. From 1975 and during much of the
1980s, the use of biomass in heat production was stimulated
through investment subsidies for construction of demonstration
plants burning solid fuels [23]. The investment subsidies were
ﬁnanced through the oil substitution fund which received its main
funds from a fee on oil products. The use of biomass and other solid
fuels was further promoted through the Solid Fuel Act [24], which
required new boilers over a certain size to be able to burn solid
fuels, and smaller boilers to be easily adapted to solid fuels.
Economically, biomass was not an obvious choice of energy
source in the district heating sector during the 1970s and 80s.
Strong local commitment to local renewable energy sources often
played an important role in the ﬁrst district heating and CHP plants
Fig. 4. Speciﬁc fossil carbon dioxide emissions from the energy input to the Swedish district heating systems related to the energy allocation performed in Fig. 3 and to heat
delivered to customers.
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Borås where themunicipal council in the early 1980s decided to co-
ﬁre biomass with coal as a substitute for fuel oil in the CHP plant in
opposition to the municipal energy administration management,
who advocated coal only.
The issue of climate change entered Swedish politics around
1990 and has since then been an important factor in energy policy
and a driver for bioenergy [24]. In 1991, Sweden carried out a re-
form of the energy taxation which introduced a carbon tax and
strengthened the environmental proﬁle of the energy taxation.
Energy taxes have a long history in Sweden and have traditionally
not been levied on biomass and peat. The energy taxes did, how-
ever, not stimulate the use of biomass in a major way until the
energy tax reform in 1991. The energy and carbon taxes are levied
on fuels used in heat production, but not on those used in electricity
production. Instead electricity consumption is taxed. The carbon
tax was ﬁrst set at 25 EUR/tonne CO2, and has then been gradually
increased and amounted to 112 EUR/tonne CO2 in 2015. As a result
of the energy tax reform, the cost of coal in production of district
heat immediately almost doubled and biomass became the
cheapest fuel in this application [6].
After 2008, the carbon tax has gradually been phased out for
those combustion plants that are covered by the EU Emission
Trading System (EU ETS) in order not to interfere with this in-
strument. The EU ETS was launched in 2005 and covers most of the
Swedish combustion plants in the district heating systems. The
carbon tax currently only applies to plants in small district heating
systems, which are not covered by the EU ETS. The prices of EU
emission allowances have so far been in the region 5e30 EUR/
tonne CO2, which is much lower than the Swedish carbon tax.
The carbon tax has not promoted the use of biomass in elec-
tricity production, and therefore also to a less extent biomass-based
CHP production. Instead, two governmental investment grant
schemes (1991e1996 and 1997e2002) played an important role in
the formative phase of biomass-based CHP in Sweden [25]. The
investment grants resulted in the construction of a number of a
biomass-ﬁred CHP plants, although the economic viability
remained weak due to low electricity prices. In many cases, strong
local commitment to use local renewable energy sources played animportant role in the investment decisions [9].
In 2003, the investment grants supporting the production of
renewable electricity were replaced by a scheme for Tradable
Renewable Electricity Certiﬁcates (TRECs). The scheme requires
electricity suppliers to purchase TRECs corresponding to a certain
proportion (legislated quota) of their supply. This legislated quota is
increased annually. To meet the demand for certiﬁcates, producers
of electricity from renewable energy sources (excluding large scale
hydropower) and peat are eligible for TRECs on the basis of their
production volumes. The sale of TRECs hence generates an addi-
tional income to the producer of renewable electricity apart from
the electricity sold. The TREC scheme has provided a strong eco-
nomic incentive for biomass-based CHP production (see section
4.2) and has led to considerable investments in new biomass-ﬁred
CHP plants [25,26]. Since January 2012, Sweden and Norway has a
joint market for TRECs.
During the past 10 years, a large number of Swedish local gov-
ernments and some regional administrations have adopted goals
on phasing out the use of fossil fuels by 2020 within their own
activities, i.e. the energy use in their own buildings and vehicle
ﬂeets, including buses. These goals certainly exert pressure on the
local district heating companies although it is unclear to what
extent these goals have inﬂuenced and will inﬂuence the heat
supply in the district heating systems.
4.2. Biomass prices and the economics of biomass-based CHP
production
Fig. 5 shows the real prices of different biomass fuels during the
period 1984e2015. The prices were high at the introduction in the
1980s, but then gradually decreased until 1995 due to a combina-
tion of higher supply and productivity in forestry. The prices were
then stable until 2002. Many analyses, for example [11,27,28], have
interpreted this decrease in prices as an example of technology
learning in the production and use of biomass. However, the
biomass prices started to increase after 2002 because of higher
demand. The biomass prices peaked in 2011 after which the prices
have slowly decreased. Fig. 5 also shows that reﬁned biomass fuels
are more expensive than forestry wood chips and that demolition
Fig. 5. Real biomass prices in the price level of August 2015 for biomass fuels provided to district heating plants in Sweden, according to [32] and some other older sources. The
original nominal prices were deﬂated by the Swedish consumer price index. 10 SEK is approximately 1 EUR.
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more advanced boilers, environmental permits, and corresponding
cleaning equipment. More detailed analyses of the Swedish
biomass prices have been provided in Refs. [29e31].
The market conditions for power generation in biomass CHP
plants are illustrated in Fig. 6. The ﬁgure includes the market prices
for both electricity and forestry wood chips something that makes
it possible to identify the spark spread, which is the price difference
between electricity output and fuel input. As from May 2003, the
prices of TRECs are also included in a separate price curve. Fig. 6
shows that the spark spread was about zero between 1997 and
2000, thus motivating the use of investment grants for the building
of new biomass-based CHP plants in this period. The spark spread
improved considerably with the introduction of the TREC scheme
and was especially favourable between 2008 and 2011, when the
prices of both TRECs and electricity were high.Fig. 6. Nominal electricity prices, with and without the price of TRECs, and nominal prices o
including TRECs, and biomass illustrates the spark spread for biomass power generation. 14.3. Biomass supply from the forests
The biomass used in the district heating sector is dominated by
wood fuels, most of which are produced domestically and supplied
by forest owners and forest industries, including their subsidiary
companies. Sweden has large forest resources and a forest industry
of considerable size. The Swedish production of wood fuels and tall
oil is largely integrated with the forest industry which controls
much of the biomass ﬂows as users and producers of wood, wood
products and by-products. The activities of the forest industry
generate large quantities of forestry residues and by-products that
were previously not used, but that found a market with the intro-
duction of biomass in the district heating systems. The forest in-
dustry was nevertheless initially hesitant to develop the wood fuel
market since they feared competition for the biomass resource. In
order to ensure the supply of wood to the forest industry the use off forestry wood chips in the period 1996e2015. The price difference between electricity,
0 SEK is approximately 1 EUR.
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1993 [33,34]. In this period district heating and CHP plants had to
have a permit in order to burn large volumes of wood chips. The
forest industry has over time become more positive towards bio-
fuels and the new business opportunities they entail [35].
In Sweden, there have been established routines for buying and
selling forestry biomass such as roundwood and wood chips since
the 1940s when the Timber Measurement Council, which organises
the local Timber Measurement Associations, was formed. These
payment routines could also be applied on unreﬁned wood fuels
and were early accepted by the district heating sector. Over time,
the forest industry has also invested in wood pellet production. Tall
oil is generally sold to industrial processors to be reﬁned to fuel
quality.
Over time, the supply of wood fuels to the district heating sector
has expanded into forestry residues from thinning operations and
ﬁnal felling (logging residues). These fuels were introduced at the
beginning of the 1980s. The supply chains of forestry residues have
developed considerably since then and major cost reductions have
been achieved through learning processes [27]. The viability of
these fuels is based on the sharing of cost of machinery and forest
roads with the production of industrial roundwood [36]. During the
1980s so-called terminal chipping was practised. This involved
transportation of the forestry residues to a central terminal where
they were chipped and transported to end users. Since the 1990s,
the predominant supply chain in Sweden is roadside chipping in
which the forestry residues are ﬁrst forwarded to the roadside. The
forestry residues are later chipped at the roadside directly into a
container truck either via a mobile chipper or a truck-mounted
chipper and then transported to end users [27].
Logging residues have always been harvested in a separate
operation after clear felling. A number of technical solutions for
highly integrated logging have been proposed and developed, but
never realised in practice [11]. The ﬁeld operations of harvesting
roundwood and logging residues are, nevertheless, highly coordi-
nated. For example, the logging residues are normally collected in
conjunction with the harvesting of roundwood and pulpwood and
piled next to them. This is done in order to avoid heavymachines to
run over the logging residues whereby contaminating them with
rocks and mud [11]. The extraction of forestry residues expanded
considerably during the 2000s, but has remained fairly stable for
the past few years (2010e2014) [15].
The harvesting of forestry residues is regulated by the Swedish
Forestry Act and the guidelines issued by the Swedish Forest
Agency on the extraction of biomass from different types of soils
and forest stands. The extraction of forestry residues should be
combined with ash recycling in order to avoid acidiﬁcation and loss
of nutrients of the soils [37]. Ash recycling was introduced in small-
scale in Sweden in the 1990s, and has increased since then [38]. Ash
recycling was practised on about 10,000 ha annually in the period
2010e2013 [15]. This area is, however, considerably smaller than
what is considered to be needed in order tomaintain the long-term
productivity of the forests and the Swedish Forest Agency is
currently working on strategies to change this [38].
4.4. Technology paths for biomass conversion
The transition fromoil and coal to biomass in the district heating
sector happened gradually and involved a number of technical
development steps that are described below.
The ﬁrst step in the transition to biomass was taken in the late
1970s and early 80s and involved co-ﬁring of biomass with coal or
oil as well as conversion of existing oil-ﬁred boilers to biomass only.
The conversion to biomass or co-ﬁring of biomass was fairly
straightforward and relatively easy for those boilers that wereoriginally constructed for burning coal. The ﬁrst conversions to
biomass involved conversion of the oil-ﬁred heat-only boilers in
Mora (1978) and V€axj€o (1979/1980) [10]. A few years later, the ﬁrst
boiler in a CHP plant was converted to biomass from oil in V€axj€o
(1983). In the CHP plants in Borås (1984) and Link€oping (1985),
coal- and oil-ﬁred boilers were converted to co-ﬁring of biomass.
The second step involved investments in new biomass-ﬁred
boilers, something that began in the 1980s. The combustion tech-
nologies applied included conventional grates, bubbling ﬂuidized
beds, and circulating ﬂuidized beds. These boilers weremostly built
as heat-only boilers, since electricity generation from biomass was
not promoted by the current energy tax legislation. Biomass was,
however, often co-ﬁred with fossil fuels in CHP plants since it was
allowed to allocate the fossil fuels to electricity generation and
biomass to heat generation, whereby avoiding taxes. This book-
keeping practice was allowed until 2004 when the energy taxation
of CHP plants was changed. For coal-ﬁred CHP plants with powder
boilers, co-ﬁringwithwood pellets became an attractive option and
a number of CHP plants adopted this strategy in the early 1990s
[39,40].
The third step involved investments in new biomass-ﬁred CHP
plants. All biomass CHP plants have utilized traditional steam
technology with boilers, turbines and condensers. The currently
largest Swedish biomass-ﬁred CHP plant is Igelsta in S€odert€alje that
was built in 2009 and has a capacity of 85 MW of electricity and
145 MW of heat from the back-pressure condenser, giving a basic
power-to-heat ratio of 0.59. An additional ﬂue gas condensation
unit can supply further 55 MWof heat. An even larger CHP plant is
now being constructed at the V€artan site in Stockholm for
commissioning in 2016. The capacity of this plant will be 130MWof
electricity and 280 MW of heat, of which 80 MW heat will be
recovered from the ﬂue gas condensation unit. The basic power-to-
heat ratio excluding ﬂue gas condensation will then be 0.65. With
ﬂue gas condensation the total power-to-heat ratio will drop to
0.46. So far, gasiﬁcation technologies have only been applied in
some demonstration projects. An early project was the V€arnamo
biomass integrated gasiﬁcation combined cycle (IGCC) demon-
stration plant [41] commissioned in 1993. The most recent project
is the new Gobigas demonstration plant of 20 MW in Gothenburg
that was put into operation during 2014 [25].
The use of ﬂue gas condensation units has become very common
in the supply of district heat from biomass due to the highmoisture
content of biomass. During 2014, all installed ﬂue gas condensation
units recovered 18 PJ heat, thus adding 16% of energy to the total
biomass input of 114 PJ, based on the lower caloriﬁc value [2]. Since
all payments for biomass fuels are based on the lower caloriﬁc
value, all heat recovered by ﬂue gas condensation can be consid-
ered as free heat without any primary cost.
4.5. Future outlook
The supply of district heat is expected to remain at the current
level in the near future and then to decrease somewhat after 2030
due to saturated markets and decreasing heat demands [42e44].
The heat demands decrease as the building stock becomes more
energy efﬁcient. So far, the decrease in heat demands has been
balanced by the simultaneous expansion of the district heating
systems. The potential for future expansion is, however, fairly
limited.
The Swedish district heating sector has been an early adopter of
biomass and is today heavily reliant on biomass. While the massive
increase in biomass has enabled a sharp decrease in the use of fossil
fuels in in the district heating sector, it also raises concerns over
how this sector would handle a growing competition for biomass.
Sweden has large biomass resources, but biomass is still a limited
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the potential biomass supply in Europe show that the potential
supply is considerably smaller than the current use of fossil fuels,
but greatly exceeds the current use of biomass [45,46].
The competition for biomass is expected to grow in the future
due to future climate targets and the possibility to use biomass in
several sectors and applications to meet these targets. In 2009, the
Swedish government adopted a vision of achieving zero net emis-
sions of greenhouse gases by 2050 [47]. The vision presented by the
EU is to reduce the greenhouse gas emissions in the union by
80e95% by 2050 compared to 1990 [48]. Swedish forest resources
are currently mainly used for production of sawn wood, pulp and
paper and wood fuels used in heat and electricity generation. In the
future, this biomass may also be in demand for production of
transportation fuels, chemicals and plastics in so called bio-
reﬁneries [49]. With these new applications, the district heating
sector will have to adapt its heat supply strategies and revive the
fundamental idea of district heating which is to recover heat sur-
pluses that otherwise will be lost. Both current and future primary
biomass transformation processes will generate secondary heat
losses that should be recovered in the district heating systems. The
possibility to recover surplus heat from bioreﬁneries and industries
will be improved if there is an implementation of fourth generation
district heating which involves lower supply temperatures [50].
5. Discussion
In this ending discussion, we summarise the main ﬁndings in
this retrospective assessment of the introduction and expansion of
biomass into the Swedish district heating systems.
The introduction and expansion of biomass in the district
heating systems have been promoted by speciﬁc policy instruments
targeting biomass or renewable energy as well as general policy
instruments such as the energy and carbon taxes. Investment
subsidies were important for the introduction of biomass-ﬁred
district heating plants in the 1980s and for realising investments
in biomass-ﬁred CHP plants in the 1990s. The carbon tax was the
key driver behind the massive increase of biomass in the supply of
district heat during the 1990s because of its great impact on the
cost of fossil fuels. Since 2003, the scheme for the TRECs has pro-
vided a strong incentive for biomass-based CHP production.
Furthermore, long-lasting government support for bioenergy
RD&D on biomass conversion technologies and forestry supply
chains has resulted in technical development and knowledge that
has enabled this development. Apart from government policies,
strong local commitment to renewable energy has in many cases
played an important role in the decision to build biomass-ﬁred
district heating or CHP plants. Swedish policy instruments have
provided a strong incentive for using biomass in the district heating
systems. Since some of the biomass demand has been met through
imports, it is also possible to claim that Swedish policy instruments
have contributed to establishing new supply chains for biomass in
other countries. These supply chains have later also supplied fuels
for the domestic markets.
The trade in biomass fuels in Sweden is now fully developed and
involves several biomass qualities ranging from dry reﬁned fuels to
demolition wood waste. The biomass prices decreased during the
1980s due to productivity gains in the biomass supply and have
after around 2000 reﬂected the balance between supply and de-
mand. This balance has also been inﬂuenced by export to and
import from other countries. Strong international demand for
biomass gave a price peak in 2011. Higher international prices for
fossil fuels after 2000 have also further facilitated the biomass use.
The introduction of biomass in the Swedish district heating
systems involved domestically produced wood fuels which havecontinued to dominate the biomass use in this sector. The pro-
duction of wood fuels is largely integrated in the forest industry and
was developed based on existing structures and skills in this in-
dustry. For example, the forest industry had previous experience of
handling large volumes of wood chips and had established routines
for trade in forestry biomass that could be applied on unreﬁned
wood fuels. Moreover, there was an infrastructure in place for the
supply of industrial roundwood that provided a basis for devel-
oping harvesting of forestry residues. The importance of the forest
industry for the Swedish wood fuel market cannot be overstated,
but the key to success was the coexistence of the district heating
systems that provided a market for wood fuels.
The introduction and expansion of biomass in the district
heating systems happened gradually and involved a number of
technical development steps. Three main parallel processes may be
identiﬁed. First, there has been a shift from the initial use of
biomass in existing boilers that were converted from fossil fuels to
biomass to investments in new biomass-ﬁred boilers. Second, there
has been a shift from co-ﬁring of biomass with fossil fuels to using
biomass only. Third, there has been a shift from using biomass in
heat only boilers to also using biomass in CHP production. Many of
the existing boilers that were converted to biomass or co-ﬁring of
biomass had been designed for coal, something that facilitated the
conversion of the boiler and plant.
The competition for biomass is likely to grow in the future and is
something that may force the Swedish district heating sector to
turn to other heat sources. Future energy supply should preferably
includemore secondary heat from primary processes, including the
transformation of biomass to transportation fuels and chemicals,
and other renewable heat sources. It should be noted that the
current large use of biomass, especially that in heat-only boilers, is
somewhat challenging the fundamental idea of district heating
which is to primarily use recovered heat. Current Swedish and EU
policies reveal a certain conﬂict between supporting primary en-
ergy efﬁciency and the development of renewable energy sources.
For example, policies supporting the supply of renewable energy
have sometimes had the effect that renewable heat is preferred
over heat recovery from primary processes especially if the heat
comes frommainly fossil primary energy. Replacing secondary heat
with primary renewable energy sources is, however, not an effec-
tive climate mitigation measure since it leads to a very small
reduction in the use of fossil fuels.
6. Conclusions
Our ﬁve ﬁnal conclusions address the research questions put
forward in the introduction.
First, the biomass introduction and expansionwas supported by
national energy policy tools and local municipal initiatives.
Important energy policy tools were the investment subsidies for oil
substitution and the higher oil tax during the 1980s, the carbon
dioxide tax during the 1990s, and the TRECs introduced in 2003
that provided incentives for biomass CHP.
Second, biomass prices have varied over the past 30 years,
reﬂecting both productivity gains in the biomass supply and the
balance between supply and demand. The conditions for biomass
CHP were improved considerably by the introduction of the TREC
scheme in 2003.
Third, the biomass supply to the district heating sector has
mainly relied on domestic wood fuels, but as from the 1990s also on
imported biomass. The introduction of biomass in the district
heating sector was facilitated by the existing resources, skills and
infrastructures in the forest industry that merged with those of the
district heating systems.
Fourth, the technology paths identiﬁed for biomass conversion
K. Ericsson, S. Werner / Biomass and Bioenergy 94 (2016) 57e65 65involve a gradual transition from co-ﬁring or using biomass in
existing fossil fuel boilers to using biomass in new boilers or CHP
plants for biomass only. Today, almost all conversion plants use ﬂue
gas condensation in order to obtain heat from the evaporated fuel
moisture.
Fifth, the current direct use of biomass in the Swedish district
heating systems can be challenged in the future by competing uses
of biomass, for example as feedstock for production of trans-
portation fuels, chemicals and plastics. District heating systems
should then focus on recycling heat from these new competing
transformation processes, thus reviving the fundamental idea of
district heating.
Acknowledgements
An earlier version of this paper was presented at the 23rd EUBCE
in Vienna, June 2015. This work has been performed within The
Future Role of District Heating in Europe project, ﬁnancially sup-
ported by the Fj€arrsyn program, being the Swedish district heating
research program provided in cooperation between the Swedish
Energy Agency (grant no: 37906-1) and the Swedish District
Heating Association (grant no: 4311).
References
[1] IEA, Energy Balances for OECD Countries until 2013, International Energy
Agency, Paris, 2015.
[2] Statistics Sweden, Electricity Supply, District Heating and Supply of Natural
Gas 2014, Statistiska Meddelanden EN11SM1501, 2015.
[3] S.Werner,District heating in Sweden1948-1990, Fernw€arme Int. 20 (1991) 603.
[4] S. Werner, Low carbon district heat in Sweden, Euroheat Power - Engl. Ed. 4
(2007) 20.
[5] SEA, Energy in Sweden - Facts and Figures 2015, 2015.
[6] K. Ericsson, S. Huttunen, L.J. Nilsson, P. Svenningsson, Bioenergy policy and
market development in Finland and Sweden, Energy Policy 32 (2004) 1707.
[7] A. Roos, R.L. Graham, B. Hektor, C. Rakos, Critical factors to bioenergy imple-
mentation, Biomass Bioenergy 17 (1999) 113.
[8] B. Hillring, E. Ling, B. Blad, The potential and utilisation of biomass, in:
S. Silveira (Ed.), Building Sustainable Energy Systems, Stockholm: AB Svensk
Byggtj€anst, 2001, p. 335.
[9] B. Johansson, P. B€orjesson, K. Ericsson, J. Nilsson Lars, P. Svenningsson, The Use
of Biomass for Energy in Sweden-Critical Factors and Lessons Learned, Envi-
ronmental and Energy Systems Studies, Lund University, Lund, 2002.
[10] K. Andersson, Bioenergy - the Swedish Experience. How Bioenergy Became
the Largest Energy Source in Sweden, Stockholm, Svebio, 2012.
[11] R. Bj€orheden, Drivers behind the development of forest energy in Sweden,
Biomass Bioenergy 30 (2006) 289.
[12] L. Di Lucia, K. Ericsson, Low-carbon district heating in Sweden e examining a
successful energy transition, Energy Res. Soc. Sci. 4 (2014) 10.
[13] UNEP, District Energy in Cities: Unlocking the Potential of Energy Efﬁciency
and Renewable Energy, United Nations Environment Programme, 2015.
[14] IEA, Energy Balances for Non-OECD Countries until 2013, International Energy
Agency, Paris, 2015.
[15] Swedish Forest Agency, Swedish Statistical Yearbook of Forestry. J€onk€oping,
2014.
[16] Statistics Sweden, Yearbook of Agricultural Statistics 2013-including Food
Statistics, 2014.
[17] S. Frederiksen, S. Werner, District Heating and Cooling, Lund Studentlitteratur,
2013.
[18] Energimyndigheten, Summary of Energy Statistics for Dwellings and Non-
residential Premises 2014. Eskilstuna, 2015.
[19] T. Hall, S. Viden, The Million Homes Programme: a review of the great
Swedish planning project, Plan. Perspect. 20 (2005) 301.
[20] B. Str€omberg, Fuel Handbook, V€armeforsk report no. 971, Stockholm, 2006.
[21] K. Ericsson, L.J. Nilsson, International biofuel tradedA study of the Swedish
import, Biomass Bioenergy 26 (2004) 205.
[22] H. Haegermark, Priorities of energy research in Sweden, in: S. Silveira (Ed.),Building Sustainable Energy Systems - Swedish Experiences, Bulls Tryck-
eriaktiebolag, Halmstad, 2001, p. 163.
[23] Swedish Governmental Investigation, Bioenergi från jordbruket - en v€axande
resurs (Bioenergy from agriculture - A growning resource), Statens offentliga
utredningar SOU, 2007, p. 36. Stockholm 2007.
[24] Swedish Parliament, SFS 1981:599, Lag Om Utf€orande Av Eld-
ningsanl€aggningar F€or Fastbr€ansle (Avslutad I SFS 1994:793) (Act for design of
heating plants for solid fuels (terminated in SFS 1994:793), Stockholm, 1981.
[25] S. Jacobsson, The emergence and troubled growth of a 'biopower' innovation
system in Sweden, Energy Policy 36 (2008) 1491.
[26] N.H. van der Linden, M.A. Uyterlinde, C. Vrolijk, L.J. Nilsson, K. Åstrand,
K. Ericsson, et al., Review of International Experience with Renewable Energy
Obligation Support Mechanisms, ECN publication ECN-Ce05e025: Energy
Research Centre of the Netherlands, 2005.
[27] M. Junginger, A. Faaij, R. Bj€orheden, W.C. Turkenburg, Technological learning
and cost reductions in wood fuel supply chains in Sweden, Biomass Bioenergy
29 (2005) 399.
[28] M. Junginger, E. de Visser, K. Hjort-Gregersen, J. Koornneef, R. Raven, A. Faaij, et
al., Technological learning in bioenergy systems, Energy Policy 34 (2006) 4024.
[29] B. Hillring, Price trends in the Swedish wood-fuel market, Biomass Bioenergy
12 (1997) 41.
[30] B. Hillring, Price formation on the Swedish woodfuel market, Biomass Bio-
energy 17 (1999) 445.
[31] O. Olsson, B. Hillring, Price relationships and market integration in the
Swedish wood fuel market, Biomass Bioenergy 57 (2013) 78.
[32] Statistics Sweden, Wood fuel and Peat Prices, Statistiska Meddelanden
EN0307SM1503, 2015.
[33] Swedish Government, Regeringens Proposition 1982/83:167 Om €Andring I
Byggnadslagen (Government bill 1982/83:167 on changes in the building act),
Stockholm, 1983.
[34] Swedish Parliament, SFS 1987:588, Lag Om Tr€aﬁberråvara (The Wood Fibre
Act), Stockholm, 1987.
[35] K. Ericsson, L.J. Nilsson, M. Nilsson, New energy strategies in the Swedish pulp
and paper industryeThe role of national and EU climate and energy policies,
Energy Policy 39 (2011) 1439.
[36] S. Berg, Harvesting technology and market forces affecting the production of
forest fuels from Swedish forestry, Biomass Bioenergy 24 (2003) 381.
[37] A. Lundborg, A sustainable forest fuel system in Sweden, Biomass & Bioenergy
15 (1998) 399.
[38] S. Anderson, H. Eriksson, J. Stendahl, Slutrapport Från Arbetet Med Akt€ors-
rådet Kring Askåterf€oring, Skogsstyrelsen Final Report from the Work with
Actor Council Concerning Ash Recycling, Swedish Forest Agency, J€onk€oping,
2014.
[39] K. Mahapatra, L. Gustavsson, R. Madlener, Bioenergy innovations: the case of
wood pellet systems in Sweden, Technol. Analysis Strategic Manag. 19 (2007)
99.
[40] B. Olerup, Deciding on biomass in H€asselby, Energy Policy 22 (1994) 415.
[41] K. Ståhl, M. Neergaard, IGCC power plant for biomass utilisation, V€arnamo,
Sweden, Biomass Bioenergy 15 (1998) 205.
[42] D. Magnusson, Swedish district heatingdA system in stagnation: current and
future trends in the district heating sector, Energy Policy 48 (2012) 449.
[43] H. Sk€oldberg, B. Ryden, The Heating Market - an Overall View, V€armemarknad
Sverige, M€olndal, 2014.
[44] Swedish Energy Agency, F€ardplan 2050: El- och fj€arrv€armeproduktion,
Energimyndighetens underlag till Naturvårdsverkets uppdrag f€or en f€ardplan
f€or ett Sverige utan nettoutsl€app av v€axthusgaser år 2050 (The foundation
from the Swedish Energy Agency to the mission of the Swedish Environ-
mental Protection Agency for a roadmap for Sweden without net emissions of
greenhouse gases in 2050), 2012. Eskilstuna.
[45] K. Ericsson, L.J. Nilsson, Assessment of the potential biomass supply in Europe
using a resource-focused approach, Biomass Bioenergy 30 (2006) 1.
[46] European Environmental Agency, EU Bioenergy Potential from a Resource-
efﬁciency Perspective, EEA report No. 6/2013, Copenhagen, 2013.
[47] Swedish Government, Regeringens proposition 2008/09:162 om en sam-
manhållen klimat- och energipolitik (Government bill 2008/09:162 about a
coherent climate and energy policy), Stockholm, 2009.
[48] European Commission, A Roadmap for Moving to a Competitive Low Carbon
Economy in 2050, 2011.
[49] F. Dumeignil, Eurobioref: a step forward to next-generation bioreﬁneries, in:
I. Obenberger, D. Baxter, A. Grassi, P. Helm (Eds.), 23rd European Biomass
Conference and Exhibition, ETA-Florance Renewable Energies, Vienna, 2015,
p. 898.
[50] H. Lund, S. Werner, R. Wiltshire, S. Svendsen, J.E. Thorsen, F. Hvelplund, et al.,
4th Generation District Heating (4GDH): integrating smart thermal grids into
future sustainable energy systems, Energy 68 (2014) 1.
